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GSFC 

Space Lidar Developed at NASA GSFC 

MESSENGER/MLA  
 Mercury 
(2004-present) Nd;YAG laser,  
33+ million shots 

MGS/MOLA – Mars 
(1996 -2000) 
Nd:YAG laser, 670 Mshots 

LRO/LOLA – Moon 
(2009-present) 
Nd;YAG laser, 2.7+	  billion	  shots 

ICESat/GLAS – Earth 
(2003-2009) 
Nd:YAG laser 
~2 billion shots 

Mars	  

Earth,	  AntarcHca	  	  

Greenland	  
Mercury	  

Moon	  

•  Space	  lidar	  are	  indispensable	  remote	  sensing	  instruments.	  
•  New	  laser	  &	  detector	  technologies	  are	  needed	  to	  further	  	  
improve	  measurements,	  improve	  efficiency,	  &	  lower	  costs.	  
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GSFC 

Detectors	  used	  in	  NASA’s	  Space	  Lidar	  to	  Date	  

•  Si	  APD,	  linear	  mode,	  IR-‐enhanced	  
–  for	  all	  surface	  topography	  lidar	  at	  
1064	  nm.	  MOLA,	  GLAS/ICESat-‐1,	  
MLA,	  	  LOLA.	  

•  Geiger	  mode	  Si	  APD	  photon	  counters	  
–  	  for	  atmosphere	  backscaWering	  
measurement	  	  at	  532	  nm	  in	  GLAS/
ICESat-‐1.	  

•  PMT	  	  MulJalkali	  photocathodes	  	  
–  532	  nm:	  CALIPSO,	  ATLAS/ICESat-‐2	  

APD chip

TEC

Alighment
ring
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GSFC Some	  Space	  Lidar	  	  
under	  Development	  at	  NASA	  

•  MulH-‐beam	  swath-‐mapping	  surface	  
and	  vegetaHon	  lidar.	  

•  Atmosphere	  backscaWering	  profile	  
lidar	  at	  different	  wavelengths	  and	  
polarizaHons.	  

•  IPDA	  lidar	  for	  gas	  column	  
	  	  	  	  	  (CO2	  CH4,	  etc.)	  concentraHons	  

•  Laser	  surface	  reflectance	  
spectrometer	  for	  surface	  elemental	  
(e.g.,	  ice)	  measurements	  on	  moons	  	  
&	  planets	  

Ground 
topography 

Vegetation 
structure 

CO2	  lidar	  	  
for	  ASCENDS	  mission	  

Surface	  topography	  and	  vegetaHon	  coverage	  

Atmosphere	  backscaWering	  profiles	  

Column	  gas	  absorpHon	  across	  the	  spectral	  line	  

Surface	  reflecHon/
absorpHon	  at	  the	  laser	  
wavelength	  
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GSFC Technical	  Challenges	  for	  Detectors	  	  
in	  Future	  Space	  Lidar	  

•  Single	  photon	  sensiJvity	  and	  high	  quantum	  efficiency	  

–  to	  achieve	  near	  quantum	  limited	  receiver	  performance.	  

•  Spectral	  response	  from	  visible	  to	  infrared	  wavelength	  	  

–  to	  extend	  lidar	  capabiliHes	  &	  reduce	  solar	  background	  	  
•  Single	  to	  mulJple	  photon	  laser	  signal	  detecJon	  

–  	  Needed	  for	  unbiased	  target	  distance	  &	  surface	  reflectance	  measurements	  
under	  complex	  and	  highly	  variable	  terrain	  and	  atmosphere	  condiHons.	  

–  Typical	  condiHons	  for	  lidar	  measurements	  to	  Earth’s	  surface	  from	  space	  

•  MulJ-‐pixel	  arrays	  

–  More	  parallel	  lidar	  measurements	  &	  design	  flexibility	  for	  lidar	  receivers	  
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GSFC Advanced	  Detectors	  for	  Space	  Lidar	  
16-‐channel	  PMT	  for	  ATLAS/ICESat-‐2	  
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•  Hamamatsu	  R7600-‐300-‐M16	  with	  Extended	  Bialkali	  	  Cathode	  	  
•  15%	  QE	  at	  532	  nm,	  large	  acHve	  area,	  high	  speed	  
•  16-‐channel	  segmented	  anode	  to	  allow	  limited	  linear	  mode	  photon	  counHng	  	  
•  High	  opHcal	  damage	  threshold	  
•  RadiaHon	  tolerant	  to	  30krad	  

•  Timing	  jiWer	  <	  250	  ps,	  Dead	  Hme:	  <	  3.3	  ns	  
•  LifeHme	  validated:	  >3.5	  years	  conHnuous	  
•  Burst	  mode	  pulsed	  laser	  damage	  threshold	  	  
(>	  2	  uJ	  per	  pulse	  with	  30	  consecuHve	  pulses	  of	  a	  10	  kHz	  laser)	  



GSFC Advanced	  Detectors	  for	  Space	  Lidar	  
-‐	  InGaAs	  APD	  and	  SPAD	  

•  High	  quantum	  efficiency	  from	  0.9	  to	  1.7	  um	  
•  Maximum	  APD	  gain	  ~50	  under	  <10	  excess	  noise	  factor	  in	  linear	  mode	  

operaHon	  (Bai	  et	  al.,	  SPIE	  8704,	  2013)	  
•  Mostly	  used	  in	  Geiger	  mode	  operaHon	  for	  single	  photon	  counHng	  

–  Single	  photon	  detecHon,	  but	  can	  combine	  pixels	  to	  achieve	  mulH-‐photon	  detecHon	  
–  TEC	  cooled	  to	  maintain	  a	  low	  dark	  count	  rate	  and	  a	  reasonable	  range	  gate	  width	  	  

(signal	  photon	  may	  be	  preempted	  by	  proceeding	  noise	  photons)	  	  
–  Have	  to	  operated	  in	  gated	  mode	  to	  maintain	  a	  sufficiently	  low	  aoerpulsing	  rate	  

•  SuscepHble	  to	  proton	  radiaHon	  damage	  

Spectrolab	  LG3D	  SPAD	  array	  
•  32x32	  pixels,	  100	  μ	  pitch	  
•  Microlens	  array	  for	  high	  fill	  factor	  
Built-‐in	  ROIC	  with	  0.5	  ns	  Hming	  

•  20	  KHz	  frame	  rate	  
•  2-‐8	  μs	  range	  gate	  
•  Used	  in	  ground	  based	  observaHons	   10x10x10	  cm	  
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GSFC Advanced	  Detectors	  for	  Space	  Lidar	  
-‐	  PMT	  with	  InGaAs	  Photocathode	  

•  Field-‐assisted	  InP/InGaAsP	  photocathode	  
•  2%	  quantum	  efficiency	  typical	  0.95	  to	  1.65	  um	  at	  100’s	  KHz	  dark	  counts	  
•  Up	  to	  17%	  QE	  at	  higher	  dark	  count	  rates	  with	  hand	  selected	  units	  
•  Single	  photon	  sensiHvity	  with	  a	  PMT	  gain	  >106	  at	  800V	  
•  Limited	  dynamic	  range	  in	  analog	  mulH-‐photon	  signal	  detecHon.	  
•  Need	  to	  determine	  lifeHme	  and	  space	  radiaHon	  damage	  

Hamamatsu	  H10330B-‐25/-‐45/-‐75	  

HV supply and PMT housing 
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GSFC Advanced	  Detectors	  for	  Space	  Lidar	  
-‐	  InGaAsP	  Intensified	  Photodiode	  

•  Transfer-‐electron	  InGaAsP	  photocathode	  and	  GaAs	  APD	  hybrid	  (aka	  IPD,	  HPMT,	  VAPD)	  
•  	  Overall	  gain	  of	  ~20,000	  at	  8KV	  
•  20-‐25%	  quantum	  efficiency,	  1.0-‐1.6	  um,	  single	  and	  mulH-‐photon	  linear	  output	  	  
•  Dark	  count	  rate	  <1	  MHz	  at	  room	  temperature	  and	  <	  100	  KHz	  	  at	  -‐20°C	  	  	  	  	  
•  Large	  acHve	  area,	  3	  mm	  diameter,	  and	  	  1GHz	  electrical	  bandwidth	  
•  Need	  improvement	  in	  yield,	  reliability,	  and	  packaging.	  

16-‐channel	  InGaAsP	  IPDs	  from	  Intevac	  

Multi pixel arrays 
using segmented 
anode 

Linear	  mode	  photon	  detecHon	  
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GSFC Advanced	  Detectors	  for	  Space	  Lidar	  
-‐	  HgCdTe	  e-‐APD	  Arrays	  

July	  15,	  2014	   Sun,	  Krainak,	  and	  Abshire,	  IGARSS	  2014,	  TU2.05.5	   10	  

0

0.2

0.4

0.6

0.8

1

1.2

0 1000 2000 3000 4000 5000

Re
la
tiv

e	  
Q
E

Wavelength	  (nm)

R1C2	  85.5K

1.55	  µm

0.4	  µm

0.7	  µm

VIS NIR/SWIR MWIR

4.33	  µm
1

10

100

1000

10000

0 5 10 15

Bias (V)

G
ai

n

•  High	  quantum	  efficiency	  from	  visible	  to	  midwave	  infrared	  (MWIR)	  
•  High	  and	  nearly	  noiseless	  gain	  
•  Available	  from	  DRS	  (Beck,	  2006),	  Raytheon	  (Jack,	  2010)	  ,	  	  

and	  CEA	  (Rothman	  2007)	  
•  77K	  operaUon,	  required	  a	  small	  cryo-‐cooler	  

DRS	  HDVIP	  e-‐APD,	  a	  cylindrical	  
diode	  with	  the	  n-‐	  mulUplicaUon	  
region	  around	  the	  central	  via	  
interconnect	  

8x8	  array	  	  
55	  pixels	  
M	  =	  1270	  at	  13.1	  V	  	  
s=4.5%	  
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GSFC DRS	  4x4	  HgCdTe	  e-‐APD	  Arrays	  	  
Developed	  for	  CO2	  IPDA	  Lidar*	  
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4	  HgCdTe	  e-‐APD	  
in	  parallel	  to	  form	  	  a	  pixel	  

Custom	  CMOS	  ROIC,	  RTIA	  or	  CTIA	  mode	  of	  operaUon	  

~7	  MHz	  bandwidth	  to	  match	  the	  laser	  
pulse	  shape	  (0.5	  to	  1	  μs	  wide)	  

Si	  substrate	  and	  fan-‐out	  

ROIC	  

Bond	  wire	  

*-‐	  ESTO	  IIP-‐10	  program,	  J.	  Abshire,	  PI	   Beck	  et	  al.,	  J.	  Elect.	  Materials,	  V43,	  	  2014	  



GSFC DRS	  4x4	  HgCdTe	  e-‐APD	  Arrays	  	  
Developed	  for	  IPDA	  Lidar	  (cont’ed)	  
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GSFC DRS	  4x4	  HgCdTe	  e-‐APD	  Array	  for	  IPDA	  lidar	  	  
Test	  Results	  –	  Pixel	  Uniformity	  
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•  Uniform	  and	  high	  QE	  and	  APD	  gain	  
•  Extremely	  low	  dark	  current	  
•  Low	  ROIC	  noise	  	  
•  NEP	  <	  1	  fW/Hz1/2	  	  

(compare	  to	  ~200	  fW/Hz1/2	  for	  InGaAs	  APD)	  
•  Two	  units	  delivered	  to	  NASA	  
*	  Test	  results	  shown	  were	  from	  SN	  A8052-‐4E	  

Quantum	  Efficiency	  vs.	  Pixel	  #	   APD	  Gain	  at	  10	  and	  11	  V	  vs.	  Pixel	  #	  



GSFC DRS	  4x4	  HgCdTe	  e-‐APD	  Array	  for	  IPDA	  lidar	  	  
-‐	  Responsivity,	  Gain,	  and	  Linearity	  
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~1000	  photons/pulse	  

Dark	  noise:	  
Yellow,	  APD	  bias	  =	  0	  
Blue,	  APD	  bias	  =	  11.0V	  

~1000	  photons/pulse	  

Dark	  noise:	  
Yellow,	  APD	  bias	  =	  0	  
Blue,	  APD	  bias	  =	  11.0V	  •  Detector	  dark	  noise	  rises	  above	  preamp	  noise	  at	  APD	  bias	  >10V	  

•  NEP	  =	  0.7fW/Hz1/2	  at	  APD	  bias	  =	  11	  and	  0.4	  fW/Hz1/2	  at	  12	  V	  

•  Linear	  response	  over	  4	  orders	  of	  magnitude	  

•  More	  dynamic	  range	  	  available	  by	  lowering	  APD	  gain	  and	  	  preamplifier	  gain.	  



GSFC DRS	  4x4	  HgCdTe	  e-‐APD	  Array	  for	  IPDA	  lidar	  	  
-‐	  Signal	  to	  Noise	  RaUo	  
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•  SNR	  became	  independent	  of	  the	  APD	  gain	  
above	  ~10V	  APD	  bias	  −>	  noiseless	  gain	  

•  SNR	  -‐>	  90%	  quantum	  limit,	  or	  QE~80%	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  -‐>	  High	  QE	  and	  sufficient	  APD	  gain	  

~1000	  photons/pulse	  

~1000	  photons/pulse	  

~100	  photons/pulse	  
Histogram	  of	  the	  pulse	  amplitude	  



GSFC DRS	  2x8	  Linear	  Mode	  Photon	  CounQng	  
HgCdTe	  e-‐APD	  Detector	  
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•  First	  discovered	  in	  2010	  (Beck	  et	  al.,	  SPIE	  8033,	  2011,	  Op?cal	  Engineering,	  2014)	  
•  Improved	  in	  2012-‐2014	  under	  NASA	  ESTO	  ACT	  program	  	  
•  ROIC	  directly	  beneath	  the	  HgCdTe	  e-‐APD	  array	  

•  Much	  lower	  stray	  capacitance	  =>	  fast	  ROIC	  response	  Qme	  &	  lower	  preamplifier	  noise	  
•  ~8	  ns	  impulse	  response	  pulse	  width.	  

•  Incident	  light	  spot	  on	  the	  center	  of	  the	  4	  surrounding	  HgCdTe	  e-‐APDs	  	  
•  High	  and	  uniform	  APD	  gain	  

•  Light	  barrier	  under	  e-‐APD	  array	  blocks	  ROIC	  glow.	  

Top	  View	   n+	  region	  

- 
+ 

CollecUon	  Region	  

N-‐	  MulUplicaUon	  
Region	  

Interconnect	  via	  

CMOS	  ROIC	  



GSFC 

DRS	  2x8	  HgCdTe	  e-‐APD	  Detector	  Array	  
-‐	  Test	  Results	  
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• DRS	  successfully	  reproduced	  2x8	  LMPC	  
HgCdTe	  e-‐APD	  arrays	  with	  high	  yield.	  

•  >50%	  photon	  counUng	  efficiency	  at	  <150	  
KHz	  dark	  count	  rate	  

•  The	  light	  barrier	  between	  e-‐APD	  and	  the	  
ROIC	  reduced	  the	  dark	  count	  rate	  by	  ~5x	  	  

•  A	  new	  ROIC	  design	  is	  expected	  to	  
completely	  block	  ROIC	  glow	  

Preliminary	  



GSFC In-‐space	  test	  of	  an	  HgCdTe	  e-‐APD	  LMPC	  
detector	  array	  	  in	  a	  Cubesat	  
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•  Supported	  by	  NASA	  ESTO	  InVEST	  program,	  (R.	  Fields,	  Aerospace	  Corp.,	  PI)	  
•  Plan	  for	  launch	  in	  late	  2015.	  
•  Integrate	  an	  HgCdTe	  e-‐APD	  FPA	  with	  a	  tacUcal	  cooler	  
•  	  Fly	  the	  assembly	  in	  an	  Aerospace	  3U	  Cubesat	  for	  >6	  months	  in	  space	  
•  Periodically	  power	  on	  cooler	  &	  detector.	  Check	  dark	  count	  rate	  &	  responsivity	  

•  Use	  on	  board	  LEDs	  to	  
verify	  detector	  Ume	  
responses.	  

•  Scan	  detector	  
assembly	  across	  
Moon	  for	  calibraUon	  

•  Point	  to	  Earth	  to	  
detect	  laser	  light	  from	  
ground	  staUons.	  



GSFC Summary	  

•  Advanced photodetectors  will greatly benefit future space lidar.  

•  Capabilities needed: 

–  Higher quantum efficiency from visible to MWIR 

–  Linear mode photon counting  

–  Continuous operation with no dead-time, after pulsing, 
and other nonlinear effects 

•  Considerable improvements are still needed in present NIR 
photodetectors: InGaAs APDs, SPADS, PMTs, and IPDs. 

•  New HgCdTe e-APD arrays (by DRS) have been developed as  
nearly ideal photodetectors for space lidar from 0.4 to 4.0 um. 


